Oncogenic RAS (H-RAS V12 ) induces premature senescence in primary cells by triggering production of reactive oxygen species (ROS), but the molecular role of ROS in senescence remains elusive. We investigated whether inhibition of protein tyrosine phosphatases by ROS contributed to H-RAS V12 -induced senescence. We identified protein tyrosine phosphatase 1B (PTP1B) as a major target of H-RAS V12induced ROS. Inactivation of PTP1B was necessary and sufficient to induce premature senescence in H-RAS V12 -expressing IMR90 fibroblasts. We identified phospho-Tyr 393 of argonaute 2 (AGO2) as a direct substrate of PTP1B. Phosphorylation of AGO2 at Tyr 393 inhibited loading with microRNAs (miRNAs) and thus miRNA-mediated gene silencing, which counteracted the function of H-RAS V12 -induced oncogenic miRNAs. Overall, our data illustrate that premature senescence in H-RAS V12 -transformed primary cells is a consequence of oxidative inactivation of PTP1B and inhibition of miRNA-mediated gene silencing.
INTRODUCTION
Reactive oxygen species (ROS) play complex roles in signal transduction, including promoting the indirect regulation of tyrosine phosphorylation-dependent cascades (Finkel, 2011) . In response to the regulated and localized generation of ROS as second messenger molecules, transient oxidation of the catalytic cysteine of a subset of protein tyrosine phosphatases (PTPs) facilitates signaling (Tonks, 2013) . Reversible oxidation causes the remodeling of the PTP active site, abrogates the nucleophilicity of the conserved catalytic cysteine residue toward phosphorylated substrates, and tips the delicate equilibrium between protein tyrosine kinase and phosphatase activity in favor of tyrosine phosphorylation. Since the conserved cysteine residue is present in all 105 members of the human PTP family, the inactivation of individual PTPs has been reported in a wide array of cellular processes including cell growth and cell motility and in the etiology of several diseases including diabetes and cancer (Julien et al., 2011; Tonks, 2013) .
Cancer has been described as a multistep disease in which normal cells progressively acquire traits that enable them to become tumorigenic (Hanahan and Weinberg, 2000) . It is increasingly clear that, based on its level of expression, activation of an oncogene induces either proliferation (at low levels) or premature senescence (at elevated levels) in primary cells in culture and in vivo (Collado and Serrano, 2010; Ferbeyre, 2007; Serrano et al., 1997) . Hence, one of the traits required for tumorigenesis is to allow cells to bypass the G 1 cell-cycle arrest that characterizes oncogenic senescence (Collado and Serrano, 2010) .
Approximately 30% of human cancers harbor somatic gainof-function mutations in RAS genes (Schubbert et al., 2007) . Interestingly, primary cells expressing high levels of oncogenic RAS undergo a rapid, telomere-independent, ROS-, p53-, and p16 INK4a -dependent senescence program (Lee et al., 1999; Serrano et al., 1997) . Although previously seen as a reaction byproduct causing oxidative stress, ROS, and in particular hydrogen peroxide (H 2 O 2 ), are now considered to be bona fide small-molecule second messengers involved in the regulation of cellular homeostasis (Rhee, 2006) . RAS signaling induces the controlled single-electron reduction of molecular oxygen to superoxide (Irani et al., 1997) through the acute activation of NADPH oxidases (Brown and Griendling, 2009) . Superoxide is then rapidly converted to the more stable and membrane permeant oxygen derivative H 2 O 2 by spontaneous or enzymatic dismutation (Brown and Griendling, 2009) . ROS can directly damage DNA and trigger the DNA damage responses, or promote the stabilization of both p53 mRNA and protein (DeNicola and Tuveson, 2009 ). Hence, it is thought that ROS production is an essential element of cell-cycle arrest induced by oncogenic RAS (DeNicola and Tuveson, 2009 ). Although the molecular mechanism of ROS-induced senescence is unknown, it has the potential to involve the reversible redox inactivation of members of the PTP family. In testing this hypothesis, we demonstrated that PTP1B was reversibly oxidized and inactivated in human diploid fibroblasts expressing high levels of oncogenic H-RAS V12 . We observed that the inactivation of PTP1B led to hyperphosphorylation of argonaute 2 (AGO2) on Tyr 393. Recently, it was shown that phosphorylation of AGO2 on Tyr 393 decreases its interaction with DICER and inhibits the maturation of miRNA (Shen et al., 2013) . Here we have shown that this modification prevented miRNA loading on AGO2, compromised the regulation of p21 mRNA, and induced senescence. These findings shed light on the role of PTP1B in senescence and on how ROS signaling is tightly linked to miRNA-mediated posttranscriptional regulation.
RESULTS

Premature Senescence Induced by Oncogenic RAS via Reversible Oxidation of PTP1B
Generation of ROS is thought to be an integral part of the signaling pathways leading to oncogene-induced cell-cycle arrest (DeNicola and Tuveson, 2009) . In order to identify PTPs that are inactivated by ROS and might contribute to oncogeneinduced senescence, we performed a modified cysteinyl-labeling assay (Boivin et al., 2008 (Boivin et al., , 2010 on low-passage human diploid fibroblasts (IMR90) in which an activated RAS allele (H-RAS V12 ) was introduced by a retroviral vector (Serrano et al., 1997) . Cells from this well-characterized oncogene-induced senescence model developed a flat and enlarged morphology and demonstrated senescence-associated b-galactosidase (SA b-gal) activity at day 6 post puromycin selection, as described previously (Serrano et al., 1997 ) ( Figure 1A ). In addition, using peroxyfluor-6 acetoxymethyl ester (PF6-AM), an H 2 O 2 -specific fluorescence indicator (Dickinson et al., 2011) , and Amplex red, which is converted to a fluorescent derivative in presence of H 2 O 2 , we observed an H-RAS V12 -induced increase in H 2 O 2 that was consistent with the SA b-gal activity ( Figures 1B and 1C ). Since PTPs are inactivated by H 2 O 2 , we investigated whether specific members of this family were reversibly oxidized in senescent fibroblasts. The cysteinyl-labeling assay converts the reversible oxidation of PTPs to a modification by biotin that can be visualized by immunoblotting after a biotin-streptavidin high-affinity purification step (Boivin et al., 2008 (Boivin et al., , 2010 . As shown in Figure 1D , minimal biotin labeling was observed in normal fibroblasts; however, biotinylation was detected in lysates of H-RAS V12 -expressing fibroblasts, with an $50 kDa protein displaying pronounced reversible oxidation when compared to normal fibroblasts. Immunoblotting the streptavidin-purified samples from the cysteinyl-labeling assay for PTPs of $50 kDa revealed that PTP1B was targeted by H 2 O 2 in RAS-induced senescent ( Figure 1E ) or replicative senes-cent ( Figure S1A ) human diploid fibroblasts. This was confirmed using scFv antibodies that selectively recognize the oxidized, inactive form of PTP1B, which indicated that the extent of reversible oxidation of endogenous PTP1B was $50% in H-Ras V12 -expressing cells ( Figure S1B) .
A time-dependent increase in PTP1B oxidation was detected in H-RAS V12 -expressing cells ( Figure 1F ), and pretreatment with the ROS scavenger N-acetylcysteine (NAC) markedly decreased oxidation of PTP1B. Previous studies demonstrated that the levels of the cyclin-dependent kinase inhibitor p21, a target of p53, were increased in primary fibroblasts expressing H-RAS V12 (Serrano et al., 1997) . We observed that p21 expression was also compromised by NAC treatment ( Figure 1F ). This indicates that both PTP1B activity and p21 expression were regulated by ROS downstream of H-RAS V12 .
To test if PTP1B inactivation was essential for the onset of oncogene-induced senescence, we coinfected IMR90 cells with H-RAS V12 and a virus encoding either active or catalytically inactive PTP1B (PTP1B CS). More than 70% of H-RAS V12 -expressing fibroblasts exhibited SA b-gal activity ( Figure 1G ). In contrast, cells overexpressing the active phosphatase, which compensated for the pool of ROS-inactivated enzyme (Figure S1C) , displayed a 4-fold reduction in senescence, whereas the catalytically impaired PTP1B mutant did not affect the appearance of RAS-induced SA b-gal activity. Furthermore, we treated RAS-expressing IMR90 cells with MSI-1436 and CPT-157633, inhibitors of PTP1B with distinct structures and mechanisms of inhibition (Krishnan et al., 2014; Mark et al., 2006) . At day 2, when RAS signaling was active, but ROS levels and oxidation of PTP1B were still low, inhibition of PTP1B caused a 2-fold increase in b-gal-positive cells (Figures 1H, S1D, and S1E). Moreover, specifically inhibiting PTP1B with MSI-1436 in NACtreated cells at day 6, which mimics low-ROS conditions, was sufficient to offset the NAC inhibition of H-RAS V12 -induced senescence previously reported by others (Lee et al., 1999) (Figure 1I) . This demonstrates a critical role of the reversible oxidation of PTP1B in triggering RAS-induced senescence.
AGO2 Was a Major Substrate of PTP1B in H-RAS V12 -Induced Senescence
We reasoned that since the inhibition of PTP1B was required for H-RAS V12 -induced senescence, critical substrates should be hyperphosphorylated in these conditions. To identify these targets, we used a PTP1B substrate-trapping mutant to identify its physiological substrates in IMR90 cells expressing H-RAS V12 (Tonks, 2013) . We used liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify those proteins that associated with substrate-trapping mutant PTP1B (DA) or catalytically competent PTP1B (WT) that was immunoprecipitated from cellular extracts of control or H-RAS V12 -expressing IMR90 cells. AGO2 was the most abundant protein found in a complex with the substrate-trapping mutant in H-RAS V12 -expressing fibroblasts compared to the WT enzyme (Table S1 ). A similar enrichment of AGO2 bound to PTP1B DA (> 8 fold) was also observed when comparing lysates of cells in the presence and absence of H-RAS V12 (Table S2) .
Argonaute proteins and their associated miRNAs silence gene expression at posttranscriptional levels in animals, and were recently implicated in senescence (Gorospe and Abdelmohsen, 2011) . To investigate whether PTP1B was involved in the regulation of miRNA-mediated gene silencing, we tested the interaction of PTP1B (WT), or the substrate-trapping mutant PTP1B (DA), with components of the RNA-induced silencing complex (RISC). Interestingly, AGO2, but not AGO1, 3, and 4 or other components of the RISC (DICER and TRBP), was specifically enriched with PTP1B (DA) in HEK293 cells ( Figure S2B ). We estimated that $34% of the total AGO2 interacted with the PTP1B-trapping mutant in H-RAS V12 -expressing cells (Figure 2A) . As expected from this result, we observed that AGO2 was tyrosine phosphorylated in H-RAS V12 -expressing cells, as well as in replicative senescent cells ( Figure S1A ), and expression of WT PTP1B decreased tyrosine phosphorylation of AGO2 ( Figure 2B (A) Lysates were prepared from cells expressing PTP1B (DA), H-RAS V12 and PTP1B (DA), or H-RAS V12 and PTP1B (wild-type [WT]). PTP1B was immunoprecipitated from half of each lysate, whereas total AGO2 was immunoprecipitated from the second half. Immunoprecipitates were blotted with an anti-AGO2 antibody, to estimate the stoichiometry of association between AGO2 and PTP1B. A total of 5% of the supernatant recovered after the immunoprecipitation (post-IP) and same amount of lysate was resolved by SDS-PAGE and blotted for AGO2 and PTP1B to illustrate the efficiency of immunoprecipitation. (B) pTyr proteins were immunoprecipitated from lysates of cells expressing the indicated combination of H-RAS V12 and PTP1B proteins using the PT-66 antibody. The precipitates were then resolved and blotted for AGO2. Lysates were blotted for the total expression of AGO2, PTP1B (WT or DA), and H-RAS. Images were analyzed using ImageJ.
(C) Schematic representation of AGO2 domains identifying the five tyrosine residues that were mutated to phenylalanine. overexpressing AGO2 in H-RAS V12 -expressing primary fibroblasts; we observed that overexpression of AGO2 inhibited p21 expression ( Figure 2F ) and senescence ( Figure 2G ). Second, we examined whether PTP1B could rescue H-RAS V12 -induced senescence in Ago2-null (Ago2 À/À) mouse embryonic fibroblasts (MEFs) and in Ago2-heterozygous (Ago2 +/À) MEFs. We observed that overexpression of PTP1B only prevented H-RAS V12 -induced senescence when AGO2 was expressed (Figure 2H ). This is consistent with an ROS-PTP1B-AGO2 pathway that was responsible for H-RAS V12 -induced senescence.
Phosphorylation of AGO2 on Tyr 393 Was Necessary and Sufficient for H-RAS V12 -Induced Senescence
To determine the importance of tyrosine phosphorylation of AGO2 in its ability to suppress senescence, we overexpressed WT or Tyr 393 mutants (AGO2 Y393D, AGO2 Y393F) in H-RAS V12 -expressing Ago2-null (Ago2 À/À) MEFs ( Figure S3 ) and quantitated the effects on H-RAS V12 -induced senescence. The AGO2 Y393D mutant possesses an additional negative charge, which would partially mimic the phosphorylated form of AGO2 that would occur when PTP1B was inactivated; as expected, overexpression of the AGO2 Y393D mutant did not prevent RAS-induced senescence ( Figures 3A and S3 ). In contrast, overexpression of the AGO2 mutant (AGO2 Y393F), which cannot be phosphorylated, prevented the appearance of senescence to a similar extent to the WT enzyme. This suggests that an inhibitory tyrosine phosphorylation of AGO2 is an important feature of its ability to rescue the Ago2-deficient MEFs from RAS-induced senescence.
AGO2 Tyrosine 393 Phosphorylation Prevented miRNA Loading
Tyr 393 of AGO2 is located close to the interaction domain with DICER, and phosphorylation of this residue impairs binding of AGO2 to DICER (Meister, 2013; Shen et al., 2013) . Indeed, we observed that the AGO2-DICER interaction was impaired in H-RAS V12 -expressing cells ( Figure 3B ) and that overexpression of PTP1B restored the association. Since the association of DICER and AGO2 is required for loading of AGO2 with mature miRNAs, and thus RISC formation (Meister, 2013) , we examined the miRNA-loading status of AGO2 in H-RAS V12 -expressing cells. We immunopurified AGO2 from control IMR90 cells or from cells expressing PTP1B, H-RAS V12 , or both and analyzed AGO2associated small RNAs by radiolabeling. The association of AGO2 with small RNAs ($22 nt) was readily observed in untransformed cells, but was markedly reduced in H-RAS V12 -expressing cells ( Figure 3C ). Overexpression of PTP1B rescued miRNA loading into AGO2 in H-RAS V12 -expressing cells, suggesting that dephosphorylation of AGO2 was required. To test this hypothesis further, we coexpressed AGO2 or AGO2 Tyr 393 mutants with H-RAS V12 in Ago2-null MEFs and analyzed AGO2-associated small RNAs. Whereas WT and Y393F mutant A B C D Figure 3 . PTP1B Prevented H-RAS V12 -Induced Senescence by Dephosphorylating AGO2
(A) Nonimmortalized Ago2 À/À MEFs infected with H-RAS V12 (black bars) or the control vector (white bars) were coinfected with a control vector, AGO2 WT, or mutants (Y393D, Y393F), cultured for 6 days postselection, and stained for b-gal activity. Senescent cells were counted as b-gal-positive cells relative to the total cells. (B) Myc-tagged AGO2 was immunoprecipitated from cell lysates of untransfected HEK293 or from HEK293 cells cotransfected with H-RAS V12 and 0, 0.1, 0.5, or 2.0 mg of PTP1B (WT) expression plasmid, resolved by electrophoresis, and blotted for DICER, AGO2 tyrosine phosphorylation (4G10), and total AGO2. Lysates were also blotted for PTP1B and H-RAS. (C) AGO2 was immunoprecipitated from lysates of control IMR90 cells, cells expressing H-RAS V12 , cells expressing PTP1B, or cells expressing both H-RAS V12 and PTP1B, and associated RNAs were extracted, 5 0 -end labeled with [g-32 P]-ATP, and resolved by electrophoresis. Labeled miRNAs were visualized by autoradiography (top panel). (D) AGO2 was immunoprecipitated from lysates of immortalized Ago2 À/À MEFs infected with AGO2 WT or mutants (Y393D, Y393F) with or without H-RAS V12 , and associated RNAs were extracted, 5 0 -end labeled with [g-32 P]-ATP, resolved by electrophoresis, and labeled miRNAs were visualized by autoradiography (top panel). In (C) and (D), AGO2 was immunoprecipitated from 10% of the lysates to illustrate AGO2 tyrosine phosphorylation and total levels. A total of 5% of the input lysates were blotted for AGO2 and H-RAS. Images were quantitated using ImageJ. Error bars represent SEM (n = 3). AGO2 were associated with endogenous small RNAs, this association was dramatically decreased with the Y393D mutant ( Figure 3D ). Taken together, our data suggest that increased phosphorylation of AGO2 on Tyr 393 prevented association of AGO2 with miRNAs and thus miRNA-mediated gene silencing.
AGO2 Tyrosine 393 Phosphorylation Prevented Silencing of p21 in H-RAS V12 -Transformed Fibroblasts
To examine further the effect of H-RAS V12 expression on gene silencing, total RNA from IMR90 fibroblasts and IMR90 fibroblasts expressing H-RAS V12 were hybridized to microarrays that report the expression status of 1,105 human miRNAs (Figure S4A) . Transformation of human diploid fibroblasts with H-RAS V12 resulted in induction of oncogenic miRNAs. Members of the oncogenic miR-17$92 cluster and its two paralogs, the miR106a$363 and miR106b$25 clusters (18a, 19b, 20a, 20b, 106b) , were among the top 20 upregulated miRNAs ( Figure S4A) . These miRNAs promote cell cycle progression by cooperative downregulation of p21 mRNA (Olive et al., 2010) . Our results indicate H-RAS V12 -induced upregulation of p21 protein (Figures 1F  and 2F ). To test if this increase in p21 protein resulted from decreased silencing by miRNAs, we characterized miRNAs associated with AGO2 in control or H-RAS V12 -expressing IMR90 cells in the presence and absence of coexpressed PTP1B, and quantitated levels of AGO2-associated miR-20a, -20b, and -106b by qPCR. In accordance with our observations on global AGO2 loading with small RNAs (Figures 3C and 3D) , the association of AGO2 with these miRNAs was decreased by H-RAS V12 signaling. Coexpression of WT PTP1B recovered loading of AGO2 with all three miRNAs (Figures 4A, S4B, and S4C) .
To evaluate the effects on AGO2-p21 mRNA interactions, we immunoprecipitated AGO2 and performed qPCR on p21 mRNA from control IMR90 cells, or from IMR90 cells expressing H-RAS V12 in the presence and absence of coexpressed PTP1B. AGO2-p21 mRNA interaction was maximal in control IMR90 cells, whereas expression of H-RAS V12 decreased this interaction by >90% ( Figure 4B ). Furthermore, p21 mRNA levels were increased 8-fold in H-RAS V12 -expressing cells compared to untransformed fibroblasts ( Figure 4B, right panel) . Overexpression of PTP1B together with H-RAS V12 restored the association of AGO2 with p21 mRNA to $40% of the level observed in nonsenescent cells, suggesting re-establishment of an active RISC. Accordingly, levels of p21 mRNA were silenced to a similar extent as in control IMR90 cells. Taken together, our data suggest a model for H-RAS V12 -induced senescence that involves derepression of p21 mRNA levels due to inhibition of miRNA silencing as a consequence of PTP1B oxidation by ROS and enhanced tyrosine phosphorylation of AGO2 ( Figure 4C ).
DISCUSSION
Elevated expression of the RAS oncogene initiates a premature senescence program in cultured cells and in vivo that limits the mitogenicity of excessive RAS signaling (Collado and Serrano, 2010; Ferbeyre, 2007; Serrano et al., 1997) . Our results demonstrate that RAS-triggered generation of ROS was an integral part of the signaling events leading to oncogene-induced cell-cycle arrest by causing the inactivation of PTP1B, a direct regulator of AGO2 activity. We have shown that expression of members of the miR-17$92 family, known to play a role in several cancers (Olive et al., 2010) , were elevated in RAS-expressing cells. Importantly, the reversible oxidation and inactivation of PTP1B resulted in enhanced phosphorylation and inactivation of AGO2. In turn, the inactivated AGO2 was uncoupled from DICER, and consequently unloaded of miRNAs, which was a direct cause of elevated expression of p21. Therefore, redox regulation of PTP1B overrode the RAS oncogenic program, via inactivation of AGO2, which led to senescence.
Previous reports have linked PTP1B function to regulation of the RAS/ERK pathway downstream of growth factor signaling; it was shown that loss of PTP1B led to decreased RAS activation and signaling upon growth factor receptor activation (Julien et al., 2011) . Our data also implicate PTP1B as a regulator of AGO2 downstream of oncogenic RAS signaling in senescence. In our hands, expression of an activated RAS allele (H-RAS V12 ), to trigger RAS oncogenic signaling in primary human diploid fibroblasts, bypassed this effect of PTP1B upstream of RAS. Hence, cancer cells affected by gain-of-function mutations in the RAS gene may depend on PTP1B-mediated dephosphorylation of Tyr 393 in AGO2 to limit the effects of excessive RAS signaling. Interestingly, increased PTP1B expression has been reported in various cancers (Julien et al., 2011) , which may contribute to progression by suppressing AGO2 Tyr 393 phosphorylation and senescence. It is noteworthy that expression of a catalytically inactive PTP1B or an AGO2 pseudo-phospho Tyr 393 mutant was not sufficient in itself to cause senescence; hence, inhibiting PTP1B alone would not be expected to induce senescence. AGO2 is tightly regulated by posttranslational modifications. Phosphorylation at serine 387 by AKT3 mediates its localization at P-bodies and upregulates translational repression of miRNA targets (Horman et al., 2013; Zeng et al., 2008) . Conversely, phosphorylation of AGO2 at Tyr 529, which has been proposed to occur during RISC disassembly, prevents efficient binding of small RNAs (Rü del et al., 2011) . A third phosphorylation site, Tyr 393, has also been identified (Rü del et al., 2011; Shen et al., 2013) . Using a model of hypoxic stress, Shen et al. reported that AGO2 was associated with the epidermal growth factor receptor, which directly phosphorylated AGO2 on Tyr 393 (Shen et al., 2013) . In turn, this led to the dissociation of AGO2 and DICER, inhibited the maturation of miRNAs, enhanced cell survival and invasiveness, and correlated with poor survival in breast cancer patients. Interestingly, PTP1B transcription is repressed by HIF in hypoxic stress, consistent with reduced PTP1B activity and the potential for phosphorylation of AGO2 on Tyr 393 in these conditions (Shen et al., 2013; Suwaki et al., 2011) . In our study, the interaction of DICER and AGO2 was dependent on PTP1B expression in cells expressing oncogenic RAS, with phosphorylation of Tyr 393 required for decreased association of AGO2 and DICER. AGO2 can bind single-stranded siRNAs in vitro (Rivas et al., 2005) ; however, endogenous loading of small RNAs requires formation of a functional RISC loading complex that at its core consists of DICER and AGO2 (Meister, 2013) . Hence, the dissociation of AGO2 from DICER would be expected to impair miRNA loading into AGO2.
Proteins of the RNAi pathway are found in most subcellular compartments. Although there is no consensus on the exact subcellular sites of RNA silencing, a recent report investigating this aspect of RNAi biology found that mi-and siRNA loaded AGO2, DICER, and TRBP almost exclusively cosedimented with the markers of the rough ER membranes (Stalder et al., 2013) , where PTP1B is also localized (Frangioni et al., 1992) . The proximity of active PTP1B and an ER-anchored RISC complex may be sufficient to keep AGO2 in an active state. Additionally, it is worth noting that argonaute proteins and mature miRNAs are mutually dependent on each other for their stability (Martinez and Gregory, 2013; Zamudio et al., 2014) . However, we observe stable protein levels of unloaded AGO2 in the phosphorylated state, similar to previous observations (Shen et al., 2013) . Hence, phosphorylation of AGO2 at Tyr 393 appears to abolish the dependence of AGO2 protein stability on association with mature miRNAs, and on functional RISC formation.
Various miRNAs modulate gene expression programs central to senescence (Gorospe and Abdelmohsen, 2011) . Upregulation of miRNAs such as the miR-106b family was shown to overcome H-RAS V12 -induced senescence by silencing p21 and other cell cycle regulators in human mammary epithelial cells (Borgdorff et al., 2010) . Gene silencing by miRNAs can be shaped by qualitative changes in miRNA profiles, or globally by activation or inhibition of core protein factors (Lujambio and Lowe, 2012) . Our data suggest that inhibition of overall miRNA silencing as a consequence of PTP1B inactivation can prevent the action of oncogenic miRNAs and preserve a senescence program.
Overall, the pathway delineated herein reveals PTP1B as a critical checkpoint in oncogenic RAS signaling. Our observations contribute to a better understanding of the induction of senescence in response to oncogenic RAS signaling in primary human fibroblasts and contribute further to the growing body of evidence that the activity of miRNA silencing is highly regulated posttranslationally.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents IMR90 cells were cultured in DMEM containing 10% FBS and penicillin/streptomycin and 10% nonessential amino acids. MEFs and HEK293 cells were cultured in DMEM containing 10% FBS and penicillin/streptomycin. Antibodies and other reagents are described in Supplemental Information. The experimental protocol conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH (NIH Publication No. 85-23, revised 1996) .
Assay of PTP Oxidation
The cysteinyl-labeling assay of reversibly oxidized PTPs was performed as previously described in Boivin et al. (2010) .
b-Galactosidase Activity Staining SA b-gal activity was measured as previously described (Serrano et al., 1997) and presented as the percentage of senescent cells in each sample relative to the total number of cells.
Immunoblotting
Lysates or immunoprecipitates were separated by SDS-PAGE, transferred onto nitrocellulose membranes, and probed with the indicated antibodies. A CAPS transfer buffer was used to transfer AGO2, whereas a Tris-glycine transfer buffer was used for all other proteins. Membranes were blotted as previously described (Boivin et al., 2008) .
PTP Substrate-Trapping Assay
Cells coexpressing the PTP1B-trapping mutant or wild-type PTP1B were lysed, and PTP1B was immunoprecipitated and washed with trapping lysis buffer and PBS (Tonks, 2013) . Analysis of the immune complexes was performed by LC-MS/MS and by immunoblotting.
Measurement of miRNA Association with AGO2 AGO2 was immunoprecipitated, and RNAs were extracted from the immunoprecipitates using Trizol. Following extraction, the 5 0 phosphates of the RNAs were removed, and the 5 0 -end was phosphorylated using [g-32 P]-ATP. The 5 0labeled RNAs were resolved by urea-PAGE, gels were dried, and the radiograph was analyzed using a Fuji phosphorimager.
Quantitation of AGO2-Bound miRNAs and mRNAs AGO2-bound RNAs were quantitated by qRT-PCR. Briefly, RNAs from immunoprecipitated AGO2 and lysates were extracted using Trizol, treated with DNase, and cDNAs were generated. The cDNA library was then used as a template for qRT-PCR using a SYBR Green master mix. GAPDH was used as an internal control. For quantitation, each miRNA and U6 snRNA was reverse transcribed, and cDNAs were used for qPCR. U6 snRNA was used as internal control.
Details of materials and methods are described in Supplemental Experimental Procedures. 
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